Two series of polycrystalline zinc oxide (ZnO) layers, from Zn or ZnO targets, were grown on silicon (1 1 1) substrates by pulsed laser deposition (PLD) at ambient oxygen pressure levels, stepwise increased from 1 to 35 Pa. For ablation of targets, a pulsed Nd:YAG laser was used. The structural and morphological properties of the layers were investigated by scanning electron microscopy (SEM), atomic force microscopy (AFM), and secondary ion mass spectrometry (SIMS). The SEM images of ZnO layers in SE mode show a uniform granular structure and modified surface morphology, depending on oxygen pressure. The mean grain size in height and lateral directions decreases with an increase of oxygen pressure from 1 to 5 Pa, while a subsequent rise of oxygen pressure from 5 to 35 Pa will cause an increase in the grain size. The AFM measurement revealed that the surface structures of zinc oxide layers grown from different targets were similar, and the layers formed at an ambient oxygen pressure of 5 Pa exhibited the smallest values of calculated roughness and granularity. SIMS depth profiling analyses confirmed that the ZnO composition was homogenous across the layer, up to the abrupt change of chemical composition at the interface between the ZnO layer and the Si substrate.
Introduction
Zinc oxide (ZnO) is an n-type II-VI semiconductor that crystallizes in the wurtzite structure with hexagonal symmetry. Regarding its wide-direct band gap (3.3 eV) and considerably large exciton binding energy (60 meV) at room temperature, it is a potential candidate for optoelectronic devices [1] . In the past ten years, researchers' interest in ZnO became more intense, with reports on * E-mail: hasko@ilc.sk light-emitting devices in the blue and ultraviolet (UV) regions [2] , optically pumped UV lasing [3] , and rapid progress in the growth techniques of ZnO [4] . The small lattice mismatch between ZnO and GaN along with other similar photoluminescence properties makes ZnO a potential substrate for GaN growth [5] . Moreover, ZnO is a promising and less expensive substitute for ITO, a commonly used thin film in transparent electrodes for flat panel displays and solar cells [6] . Potential applications as piezoelectric material, oxygen gas sensors, and surface acoustic wave devices make ZnO research very active [7] . The need for oxide-based devices is increasing with time because of their easy availability, low cost of production, and interesting properties compared with conventional semiconductors like GaAs, GaSb, InP, GaN, etc.
Many growth techniques have been used to deposit ZnO layers, including RF/DC magnetron sputtering [8] , plasma enhanced chemical vapor deposition [9] , molecular beam epitaxy [10] , metal organic chemical vapor deposition [11] , and PLD. The PLD has a relatively simple setup, using a pulsed laser beam for vaporizing target material to be deposited as layers on a substrate. The use of short laser pulses offers the advantage of congruent evaporation, which allows PLD to preserve stoichiometry during mass transfer from the target to the substrate. The deposition parameters, such as substrate temperature, targetsubstrate distance, laser pulse energy, and ambient oxygen pressure [12, 13] affect the physical properties of ZnO layers grown by PLD [14] . In our experiments, a comparative study of ZnO layers prepared by PLD from different targets on Si (1 1 1) substrates at subsequent ambient oxygen pressure levels is presented.
Experimental details
Two series of six ZnO thin layers were grown on Si (1 1 1) substrates by PLD. The ZnO layers were prepared either from a pure metallic Zn target disc (99.9% purity, 3 mm thick, and 40 mm in diameter) or from a hot-pressed ceramic ZnO target disc (99.99% purity, 5 mm thick, and 24 mm in diameter) to study the effects of oxygen atmosphere on the structural properties of ZnO layers. In order to get a uniform layer thickness, the disc targets rotated during deposition and high-purity oxygen at subsequent pressure levels of 1, 5, 10, 15, 25, and 35 Pa was maintained in the chamber. The substrates were placed parallel to the target surface at a distance of 50 mm, the incident angle between the target surface and laser beam being 45°. Before deposition the vacuum chamber was pumped down to 1×10 -4 Pa. A pulsed Nd:YAG laser (λ = 355 nm, Quanta Ray, Pro 250) was used for targets ablation. ZnO layers were prepared at a fixed substrate temperature of 673 K with 2.8 J/cm 2 laser energy fluence, 120 mJ energy per pulse, 10 Hz pulse repetition rate, and 15 000 laser pulses (approximately 25 minutes).
The surface morphology and thickness of ZnO layers were investigated by SEM (LEO 1550), while the layer roughness was estimated by the AFM technique (NT-MDT, Solver PRO). The AFM was operated in the semicontact mode with super-sharp tips (tip radius ∼ 5 nm), and the AFM images were scanned in a size of 2×2 µm 2 , using 512 pixels per line at 5 different areas for statistical evaluation. The size of grains was identified using a modified watershed algorithm, and surface roughness parame- ters were calculated according to standard ISO 4287/1. The homogeneity of Zn, O, and Si elemental distribution as a function of the layer depth was determined by a time-of-flight based SIMS (Ion-TOF, SIMS IV) technique. Chemical composition of the prepared monolayers was determined by SIMS depth profiling, using a high energy pulsed primary gun (Bi + ) combined with a low energy sputter gun (Cs + ).
Results and discussion
X-ray diffraction measurements of ZnO layers deposited from different targets exhibit an isolated sharp (0 0 2) peak at 34.5°of 2Θ angle, with its FWHM 0.1 -0.3°, which indicates that the layers are highly -axis oriented. The Si (1 1 1) plane has a similar hexagonal pattern as ZnO (0 0 2) plane; therefore ZnO layers can grow along theaxis more easily. The sample grown at 1 Pa from the Zn target shows significantly different structural properties than those prepared from the ZnO target (wider FWHM of the ZnO (0 0 2) peak with a value 0.7°). This pressure level seems too low for a successful growth of ZnO layers from the Zn target. Mechanical breaking of the samples across the diagonals enabled a direct view of the cross-section appearance and its inner structure. By using SEM we can exactly assess the thickness of the layer. The thickness variation along the samples was below 10%, and the results are shown in structure.
In order to investigate the surface roughness of ZnO layers, AFM studies were carried out. The average roughness S , RMS roughness S and the mean size of grains were calculated. The value of S for different ZnO layers varies between 0.6 nm and 27.6 nm, and the mean size of grains between 34 nm and 99 nm. Examples of corresponding AFM images of ZnO layers deposited from Zn or ZnO targets at several oxygen pressures are shown in Fig. 3 .
The results obtained from roughness and grain analyses of ZnO layers are summarized in Tab. 1. The parameters decreased with oxygen pressure increasing from 1 to 5 Pa while a subsequent increase of oxygen pressure from 5 to 35 Pa caused enlarged roughness and grain size. The result suggested that the smallest grains and smallest values of roughness could be obtained at ambient oxygen pressure 5 Pa. The AFM results agree with SEM observations, indicating the formation of ZnO layers with an inner structure regardless of the applied target, but depending on the ambient oxygen pressure. Compared with other published results [12, 13] , the crystal quality is 
Conclusion
A comparative study of ZnO layers grown by PLD from pure metallic Zn and hot-pressed ceramic ZnO targets on Si (1 1 1) substrates has been reported here. Dependent on the subsequent ambient oxygen pressure levels (1, 5, 10, 15, 25 and 35 Pa) the thicknesses of layers vary from 200 to 1200 nm. The ZnO layers grown from the Zn target were thinner than those grown from the ZnO target. SEM and AFM results indicate that the layers exhibited a uniform grained structure and modified surface morphology, depending on the oxygen pressure. The minimum values of calculated roughness and granularity parameters were obtained for the ZnO layers grown at 5 Pa of ambient oxygen pressure. The values S = 0.7 nm, S = 0.9 nm, and mean grain sizes 34 nm for a Zn target, and S = 0.6 nm, S = 0.7 nm, and mean grain sizes 50 nm for a ZnO target were determined. SIMS analyses confirmed a homogenous composition from the surface of the layer to the sharp interface between the layer and the substrate, where there is an abrupt change of chemical composition. The results show that the pressure of ambi- ent oxygen during the deposition process of ZnO layers is a very important parameter, and could be significant for successful deposition from the Zn target.
